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Both ceramic alpha alumina ((X-AI2O3) and gamma (7) AlON have superior 
mechanical and favorable optical properties. Their fabrication usually involves initial 
synthesis of AI2O3 or 7-AlON precursors and followed by sintering the particles to 
form bulk products. Nano-scaled precursors are expected to be able to enhance 
densification during sintering to produce better quality bulk AI2O3 and 7-AlON 
products. In this work, we have produced nano-sized alumina belts by heating A1 
powder in moisturized environment, and the synthesis of nano-sized 7-AION is done 
by nitridation of the alumina nanobelts. Both products of nano-sized alumina and 
7-AlON are subjected to morphological and microstructural analyses. The 
characterization techniques include: scanning electron microscopy (SEM), 
transmission electron microscopy (TEM) as well as high-resolution transmission 
electron microscopy (HRTEM)，and atomic force microscopy (AFM). 
Single crystal alumina nanobelts are fabricated by vaporization and oxidation of 
A1 powder, and followed by deposition of the alumina vapor onto an alumina 
substrate. Abundant of alumina nanobelts are obtained when A1 powder is heated at 
1150°C in the presence of moisturized air under an ambient pressure of 4 Torr. Its 
formation involves the reaction between A1 vapor to form AI2O gas, and is followed 
by the reaction between AI2O and O to form the alumina precursors. Both 
polycrystalline and single crystal alumina substrates can be used for the deposition 
sites in the growing process of the alumina nanobelts. These single crystal alumina 
nanobelts grow along the 1120 direction with a thickness of about 25nm. The 
length is about lOO/im and the width is about 1.5/xm. The tip of each belt is triangular, 
and its length is extended via a vapor-solid mechanism and no catalyst is required. 
Their lengths increase from 37 to 270|Lim, when the heating duration is extended from 
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0.25 to 2 hours. When single crystal alumina substrate is used, well-aligned nanobelts 
are epitaxially grown. 
When the as-prepared alumina nanobelts are subjected to nitridation by the flow 
of nitrogen or ammonia gas, AIN or AlON particles can be obtained on the surface of 
the belts. In nitrogen atmosphere with rich supply of A1 vapor, AIN particles in form 
of spikes are found on the surface of the belts after being heated at 1350°C. When the 
temperature is increased to 1550°C, preferential nitridation occurs on the edges of the 
nanobelts resulting in the formation of the saw-teeth pits. In ammonia atmosphere 
with plenty supply of A1 vapor, y-AlON nano-grains are found at 1150°C. This 
suggests that ammonia is more reactive, and it reacts with alumina to form the 
y-AlON. Nitridation is also observed in the alumina sample in ammonia environment 
even without A1 vapor, and the pits and holes form on the edges and body of the belts, 
respectively. On the other hand, no evidence of reaction is found when A1 powder is 
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1.1. Introduction 
Nanomaterials are materials with various structures having at least one of its 
dimensions in the order of a billionth of a meter. They exist in polycrystalline or 
single crystalline or amorphous. Their physical and chemical properties are strongly 
influenced by their size compared to conventional bulk materials''^ This thesis 
reports on the fabrication and characterization of alumina (AI2O3), aluminum nitride 
(AIN) and aluminum oxynitride (AlON) one-dimensional nanomaterials. 
1.2. One-dimensional (1-D) nanomaterials 
1-D nanomaterials is a member of the nanomaterials family. These materials 
may have only one dimension in micro-size, but the other two dimensions are down 
to nanometer region. So far, 1-D nanomaterials of elemental, oxide, nitride, carbide, 
and chalcogenide were successfully synthesized^. 
The 1-D nanomaterials usually have a high length to width ratio. This type of 
nanomaterials includes nanowires, nanorods, nanotubes, nanocables, nanoneedles, 
nanosprings and etc. Nanobelts is a quasi-one-dimensional nanomaterial. The 1-D 
nanomaterials usually have lower thermal stability than bulk materials. It is reported 
that the melting point of a solid material wil l be greatly reduced when it approaches 
to nanostructure^. As the melting point of a nanomaterial is decreased, the nanowires 
can be cut, interconnected, welded at a moderate temperature. This provides potential 
applications in circuitry of electronic industry. 
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The mechanical strength of 1-D single crystal nanomaterials is reported to be 
stronger than that of their corresponding bulk materialReduction of number of 
defects pre unit length contributes to the improvement of mechanical property. 
The 1-D nanomaterials also have a significant reduction in their thermal 
conductivity. This property makes it to be desirable for insulation purposes. Owing to 
the quantum confinement effect, they also show relatively strong band-edge 
photoluminescence^. 
1.3. Growth mechanisms 
According to the theory of crystal growth, the growth rate for a particular 
crystal plane is proportional to its surface energy. In 1-D nanomaterials, the highly 
anisotropic growth along one crystal orientation is the key factor for the formation of 
such nanomaterials. The two well-known mechanisms are the Vapor-Solid-Liquid 
(VLS) mechanism and the Vapor-Solid (VS) mechanism. Some other mechanisms 
such as oxide assisted g r o w t h ? , sol-gel solution growth^ Solution-Liquid-Solid (SLS) 
growth^ are also proposed and developed, but they are either similar or originated 
from the VLS or VS mechanisms. 
1.3.1. The Vapor-liquid-solid mechanism 
R. S. Wagner and W. C. Ellis proposed the VLS mechanism for single crystal 
growth in 1964^ .^ The VLS mechanism is evidenced by the presence of alloy droplets 
on the tips of the one-dimensional nanostructures. The alloy acts as a catalyst in the 
process, which exists in liquid phase during the process. The VLS involves the vapor, 
liquid and solid phases in the growth process. 
This mechanism utilizes the supersaturation of the target materials in the liquid 
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phase catalyst and the differences in surface energies of the three phases. During the 
growth process, the catalyst (it is usually a transition metal such as Fe", and 
Sii2) are pre-deposited on the substrate surface. The catalyst melts and forms a 
droplet on the substrate surface. At the same time, the source material is evaporated 
into vapor phase and transported to the catalyst surface. It dissolves into the liquid 
droplet. When the supersaturation is reached, further dissolution of source vapor 
leads to the nucleation of source material onto the surface of the substrate, and the 
crystal is hence grown at the interface of the liquid catalyst/solid substrate. The high 
energy surface grows faster and the low energy surface is more likely to be exposed 
to the vapor. Furthermore, the 1-D growth is promoted by continuous solution of 
vapor into the liquid catalyst. Upon cooling, the liquid catalyst at the tip solidifies, 
and it remains as a semispherical cap on the tip of the nano-crystal. Therefore, 
nano-crystal growth by VLS usually involves the catalyst as impurities. It is a two 
stage process in which a rapid initial increase in length is followed by a slow increase 
in thickness. The size (diameter) of the nano-crystal is controlled by the initial size of 
the catalyst droplet. In turn, the size of the clusters are governed by the thickness of 
the pre-deposited thin-film (of the catalyst material)^'*. 
1.3.2. The Vapor-Solid (VS) mechanism 
The VS growth does not involve any catalyst, and no liquid phase is involved 
during the process. Reactions between the vapor phase reactants produce 
supersaturated vapor. A relatively lower degree of supersaturation of the source 
vapors, comparing with the VLS growth, is required for the nucleation on the 
substrate. The crystal growth is initiated by a decrease in the degree of 
supersaturation. The morphologies of the products are very sensitive to the degree of 
supersaturation: whisker growth occurs at a low degree of supersaturation, bulk 
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crystal growth occurs at a medium degree and powders are formed by homogeneous 
nucleation in the vapor phase at a high degree of supersaturation 
I.4.AI2O3 
Alumina (AI2O3) has a high melting point of 2054。C. It is chemically resistant to 
common acids and alkali at temperatures up to 1000 °C as well as to HF below 
300°C^'\ Besides the high thermal and chemical stability, it exhibits good mechanical 
properties. The mechanical, thermal and electrical properties of the alumina ceramics 
are summarized in Table Owing to its excellent properties, it is commonly used 
as refractory materials and catalyst support materials. 
Single crystal AI2O3, named sapphire, has a rhombohedral structure, 
a=b=4.7587A, c=12.9929A. It is often used as substrate material to grow III-V and 
I I -VI compounds such as GaN for blue LED and laser diodes. It is useful for infrared 
detection. In addition, its radiation resistance makes it an excellent material for use in 
optical windows for space applications口 Titanium doped sapphire laser^ ^ are 
commercial available from medical usage to remote sensing.^ ^ 
Alumina micro whiskers have attracted much attention for a long time. It was 
reported that the tensile strength were nearly two orders of magnitude higher than 
that of ordinary bulk materials^^. Since the discovery of carbon nanotubes^°, 1-D 
nano-alumina has become more popular. It is expected that the tensile strength of 
nano-alumina will be further increased. This property makes it an ideal candidate as 
reinforcement in composite materials. The high value of surface area to mass ratio 
and the stability allow it to be an ideal catalyst support material. One of the aims of 
this project is to develop method of producing 1-D nano-structured alumina. 
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1.5. Recent works on 1-D alumina nanomaterials 
Recently, enormous efforts have been put to produce 1-D alumina nanomaterials. 
Nanowires have been fabricated by catalytic reaction via VLS mechanism. Silicon 
was usually involved in the VLS reaction. Valcarcel et. produced alumina 
nanowires by heating a piece of A1 with silica powder and a small amount of FeiOs 
powder at 1550。C in Ar. The Fe-Si alloy droplet heads were always observed at the 
nanowires tips. Zhu et. al.^ ^ also produced alumina nanowires via VLS. They heated 
AIB2 and Co powders in a quartz tube with flowing N2 gas. The setup was heated up 
to 1050°C under lOTorr of N2 pressure. The alumina nanowires were found on the 
tube surface with Co-Si alloy droplet head. Similar technique】- with Si02 
nanoparticles as a catalyst was also used to produce alumina nanowires and 
nanobelts. In situ fabrication techniques were developed with A1 and Si02 as 
reactants. Both catalytic reaction:〗 and catalyst free reaction^^ could produce alumina 
nanowires. Although the size and alignment of the products were claimed to be 
controllable using the VLS growth systems, the incorporation of metallic impurities 
was unavoidable in this technique. 
Other attempts to produce impurities free products via carbothermal synthesis 
and VS growth techniques were reported. Rao et. produced alumina nanowire 
by a mixture of A1 and graphite powder. The mixed powder was heated in a gas 
mixture of oxygen and argon at 1300°C. The first step involved the formation of A1 
suboxide in vapor phase with the presence of carbon monoxide. The second step was 
to further oxidize the A1 suboxides to alumina nanowires. The nanowires were grown 
on the surface of the powders. Fang et. al.^ ^ produced nanobelts and nanosheets by 
using water. They heated A1 powder in a flowing moisturized argon at 1350°C. The 
A1 was evaporated and oxidized by moisture content in the flowing gas. Different 
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morphologies of nano-alumina were found along the thermal gradient in the 
deposition zone. They claimed that the morphology and dimension were controllable. 
For these fabrication process, high temperature (>1300°C), or long thermal gradient 
distance in the deposition zone were necessary. Furthermore, none of these setups 
were able to control the orientation of the as grown samples on the substrates. 
Porous anodic alumina (PAA) membranes were used as templates for the 
fabrication of alumina nanowire arrays. Tian et. al.^ ® produced alumina nanowires 
arrays on PAA membranes by anodization and etching at room temperature. Liu et. 
api. produced nano-alumina products by etching anodic aluminum oxide(AAO) 
membranes with NaOH at room temperature. These works could control the 
alignment of the nanowires well, but the experimental procedures were complicated 
and time consuming. 
1.6. AlON 
Spinel aluminum oxynitride, (y-AlON), has a chemical formula of 
AI(64+Z)/3032-ZNZ . In an ideal spinel y-AlON, Z is equal to 5 (i.e. 9AI2O3 • 5A1N). 
The value of Z can be increased up to 8 while the spinel structure is still maintained. 
AlON can be sintered to a fully transparent^^ ceramic material. It has similar 
mechanical and optical properties to those of hexagonal sapphire�] with the 
advantages of being an isotropic cubic crystal structure. The properties of AlON and 
sapphire are summarized in Table. 1.2. The optical transmission range of AlON can 
extend from 0.2|Lim in the UV to 6.0|im in the infrared. The transparency can be 
maintained even in high temperature environment. Combined with its high strength 
and high hardness^^ AlON is an ideal material for transparent armor products^ '^^ ^ and 
optical window in high temperature application. 
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AlON products are usually produced by sintering AI2O3 with AIN. 
Bandyopadhyay et. al.^ ^ sintered AI2O3 and AIN powders in nitrogen at 1700°C to 
form AlON. Zheng et. al. produced AlON by carbothermal synthesis, a- and y- AI2O3 
powder was sintered in a gas mixture of CO and N2 gas at Cheng et. al.^ ^ 
produced fully transparent AlON by microwave reaction sintering at 1650°C, and 
Hiroyuki Fuyama et.al.^ ^ used plasma arc melting. All of theses fabrication processes 
required very high temperatures, and it is costly in mass production. Therefore, 
AlON is not widely used in modern industry. 
Recently, AlON films are produced via magnetron sputtering as oxidation 
barrier40 and gas barrier.Nanoscale AlON is also produced as a by-product in the 
synthesis of AIN nanoparticles"^ .^ It can act as a buffer layer between AI2O3 and AIN 
in nitridation of sapphire wafer by NH3/H2 gas mixture at 1000°c44-46, or N2/CO gas 
mixture at ITOO C^"^ .^ So far, there are no reports on the synthesis of pure AlON 
nano-crystals. Normand D. Corbin "^^  suggested two reasons to explain the 
deficiencies in the production of AlON below 1600°C: (1) i f the reaction for AlON 
production was via a gas phase mechanism, the vapor pressure of aluminum 
suboxide vapors species was too low below this temperature; (2) i f the reaction was 
by a solid state diffusion mechanism, the diffusion rate of nitrogen into AI2O3 was 
too low below 1600。C. For these two reasons, nanocrystals were reported to be 
useful to lower the sintering temperature，. Since the nanocrystals had extreme large 
surface area which enhanced surface diffusion and reduced the diffusion length of 
nitrogen into alumina. Direct nitridation of oxide nanoparticles to oxynitride 
nanoparticle was successful at unusual low temperature^. If a process for the 
synthesis of nano AlON at a low-cost can be developed, the nano AlON should be 
able to be used as a sintering precursor material to lower the sintering temperature. 
This will improve its cost effectiveness in the production of AlON. 
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1.7. Objectives and approaches 
In this project, we aim to fabricate nano-structured a-alumina and y-AlON via a 
chemical vapor deposition (CVD) process, and to study their growth mechanisms. 
The project is divided into two stages. The first stage is to produce alumina 
nano-structure. The second stage is to nitrify alumina into AlON. In the first stage, 
we make use of vertical geometry that a pool of Al is evaporated in moistured air at a 
reduced pressure and oxidized to alumina onto a substrate on top of the Al pool. The 
chemical reactions occur between Al, water and oxygen, and the product is deposited 
onto the substrate. Different experimental parameters are adjusted to study the 
growth mechanisms of a-alumina nanobelts. In particular, the composition of 
reaction gases or the atmosphere, and the reaction temperatures are altered. The 
controllable orientation and the size of the nanobelts are grown by chosen of various 
substrates and heating duration. When come to the second stage, the as-grown 
alumina is then nitrified at various temperatures. The ambient atmosphere is varied 
between nitrogen and ammonia. Characterization techniques, such as Scanning 
Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), High 
Resolution Transmission Electron Microscopy (HRTEM) and Atomic Force 
Microscopy(AFM), are carried out to investigate the morphologies and the 
microstructures of the as-grown products. 
The advantages of this approach are that the process is simple and can be 
conducted at relatively low temperatures compared to other techniques for 
nano-alumina fabrication^^"^ '^"*^ and y-AlON fabrication"^ "^^ ®. Moreover, it does not 
require any catalyst. No impurities are incorporated in the final products. Also, 
without the need of establishment of thermal gradient, the setup is rather simple and 
small in size. The orientation of the alumina nanobelts can be easily controlled by the 
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epitaxial growth on sapphire wafer. We can also produce AlON nanoparticles at 
relatively low temperature. Our system thus provides a new method to produce 
epitaxial grown alumina nanobelts and AlON nanoparticles. 
1.8. Thesis layout 
This thesis contains five chapters. Chapter one is the introduction, which gives a 
review on 1-D nanomaterials; including their applications, current developments on 
synthesis methods and growth mechanisms. The objectives and approaches of this 
work are described in the chapter. 
Chapter two is the methodology and instrumentation. It mainly provides detailed 
information on the techniques and procedures on sample preparation and 
experimental setup. Information on the instruments used for materials 
characterization is given in the later part of the chapter. 
Chapter three is the report for the fabrication of alumina nanobelts. The 
experimental results and discussion are presented. A growth model for the 
nano-structure with 2D nucleation and surface diffusion mechanism is proposed. 
Chapter four is about the nitridation of alumina. After the fabrication of alumina, 
the samples are nitrified in different conditions with nitrogen or ammonia. Formation 
of y-AlON nanoparicles and preferential etching by nitrogen are discussed. 
Chapter five is the conclusion remarks, and a proposal for the future work. 
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Tables 
Alumina Ceramics 
PROPERTIES Condition Units 960P 975P 998P 96S 
Mechanical 
AI2O3 in wt % % 96.0 97.6 99.8 96.0 
Bulk Density ^ g / c m ^ 3.67 3.72 3.96 3.77 
Tensile Strength 20°C Mpa 205 205 220 nd 
Flexural (Bending) „ 
, 20°C Mpa 375 375 410 295 
Strength 
Elastic Modulus 20°C Gpa 300 355 375 nd 
Hardness 20°C kg/mm^ 10 12 14 nd 
Fracture „ , , 20X Mpa.miz2 4.5 4.5 4.5 nd 
Toughness 
Thermal 
Max. working „ 
,。P、 5 - 1600 1650 1700 temp (OQ 
Coef. Thermal 25-300。C lOYC 7.1 7.2 7.8 6.7 
Expansion 25-1000°C lOYC 7.4 7.7 8.1 7.4 
I 
Thermal „ „ 
20X W/m°K 24 26 28 28.6 
Conductivity Table 1.1 The mechanical, thermal, electrical properties of alumina ceramics'^. 
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Properties AlON Sapphire 
Density, g/cm^ 3.71 3.97 
Elastic modulus, GPa 323 380 
Flexural strength, MPa 300 350 
Hardness, Knoop (200g), kg / i W 1950 1950 
Fracture toughness, MPa m® 2 3.5 
Thermal conductivity, W/m K 25 25 
Thermal expansion coefficient, 10-6/K 8.8 7.8 
Refractive index, X = 0.589|im 1.793 7.765 
Transmission limits, %,>- = 3.5|im 86 87 
Table 1.2 Properties of AlON and sapphire.^ ^ 
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2.1. Introduction 
Detailed descriptions on experimental setup and experimental conditions are 
presented in this chapter. Different series of experiments are conducted in order to 
study the growth mechanisms of alumina nanobelts and the nitridation reactions. The 
methods of materials characterization are also included in this chapter. 
2.2. Experimental setup 
Simple and inexpensive isothermal chemical vapor deposition (CVD) technique' 
is applied in this project. About 0.3 g of pure aluminum powder (99.7%, purity 
-325mesh, STERM) is placed in an alumina crucible, which is covered by a 5x20mm 
substrate (98.5% alumina plate, from Shanghai Shentai New Inorganic Material Co. 
LTD.) The substrate is about 9 mm above the Al powder. A schematic diagram 
showing the experimental setup is presented in FIG 2.1a. The entire assembly is 
inserted into a horizontal tube furnace. Both ends of the tube furnace are connected 
to the switching valves. The first valve insulates the chamber and a nitrogen gas 
source or a gas washing bottle which is used to form moisturized or dried gaseous 
environment. The valve controls the gas species to flow into the chamber; either 
nitrogen or gas from washing bottle is allowed to flow into the chamber. The second 
switching valve at the other end of the tube is connected to a rotary pump and the 
open end. The used gas is either pumped to rotary pump or purged to open end. For 
the fabrication of alumina nanobelts, the gas firstly passes through the gas washing 
bottle to be moisturized, and then passes through the tube furnace, finally it is 
pumped by the rotary pump to maintain 4 Ton of environmental pressure inside the 
chamber. When nitridation is processed at atmospheric pressure, the nitrogen gas 
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bypasses the washing bottle and directly passes through the furnace tube. When 
ammonia is applied in nitridation, the tube in the open end is immerged into diluted 
sulphuric acid to dissolve and react with the residual ammonia gas before it is 
exposed to atmosphere. The schematic diagram of the experimental setup is shown in 
FIG 2.1b. 
2.3. Experimental conditions 
The project is divided into two stages. The initial stage is the fabrication of 
alumina nanobelts; the second stage is the nitridation of the alumina. The two stages 
are conducted with the same setup but under different working conditions. 
2.3.1. Fabrication of AI2O3 nanobelts 
Alumina nanobelts wil l be produced as follow scenario. The chamber is pumped 
down to 4 Torr with a constant gas flow rate at 60 seem. The incoming gas is 
moisturized by the water in the gas washing bottle. When the pressure and gas 
current are stabilized, the system is heated up to 1150°C at 20°C/min. Then, it is 
dwelt for 1 hour. After cooling down to room temperature, alumina nanobelts are 
found to be on the surface of the substrate facing the A l powder. A schematic 
diagram, FIG 2.2, is draw to show the position of alumina nanobelts on the substrate. 
To study and control the growth of the nanobelts, series of experiments with 
varying experimental parameters are carried out. These parameters are heating 
environments, heating temperature, heating duration, and substrate orientation. Only 
one of the parameters is varying in each series of experiments, and the other 
parameters are kept constant. 
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2.3.1.1. Heating environments 
1-D nano-alumina could be produced via VS growth by various of method as 
described in chapter 1. The oxygen source can be hydrogen/oxygen mixture^, 
graphite with oxygen^ and argon/water mixture"^. We selected air and water as our 
oxygen provider to oxidize A1 vapor, since they are safe, inexpensive and readily 
available. Their effects on the fabrication of alumina nanobelts are studied. 
While other conditions are kept unchanged, a set of samples are heated at 
different heating environments. Three samples are prepared with different 
environments, (a) moisturized argon - argon is moisturized by water in the gas 
washing bottle before entering the chamber; (b) moisturized air - air is moisturized 
by water in the gas washing bottle before entering the chamber, (c) dry air - air is 
dehydrated by dehydrating agent in the gas washing bottle before entering the 
chamber. 
2.3.1.2. Heating temperature 
Temperature imposes several important effects during the fabrication processes, 
including vapor pressure of the reactants, degree of supersaturation of product vapor^ 
morphology of final product^ and the growth rate^ In order to control these 
properties, the temperature effects must be studied. For such purposes, a set of 
samples are prepared at different heating temperatures, i.e. 950°C, 1050°C, 1150°C, 
1250 and 1350 
2.3.1.3. Heating duration 
The heating environments and heating temperatures are optimized for the 
growth of the alumina nanobelts in the previous experiments. Dimension and 
alignment of the alumina nanobelts are the two important factors that we would like 
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to control. As the nanobelts continue to grow during heating period, the different 
heating duration can govern the dimension of the nanobelts. Hence, a set of samples 
are prepared by using different heating duration, i.e., 0.25, 0.5, 1, 2 and 4 hours. 
2.3.1.4. Substrates 
For the growth of nano-sized materials, substrates are used to support and 
collect the products. The substrates can also be chosen to control the quality of the 
products. With no or small mismatch in lattice parameters and similar thermal 
expansion coefficients between the substrates and the product crystals, textured and 
epitaxial growths can be achieved^. Suitable substrate can control the alignment of 
the nanobelts. The single crystal sapphire wafers are used as the substrate for this 
purpose. Well aligned alumina nanobelts can be epitaxially grown on the substrate 
wafers. 
In the previous experiments polycrystalline alumina substrates (detail in section 
3.2) are used. To study the effects of the substrates on growth of the alumina belts, 
single crystal sapphire wafers are used and the result are compared with the previous 
sample on the alumina substrate. A set of samples are prepared by using different 
substrate, i.e. <0001〉(20x20x0.5mm, one side polished, Dalian Danning Industries 
Development Co. Ltd.), <0110> and <1120> (20x20x0.5mm, one side polished, 
Semiconductor Wafer, Inc.) single crystal sapphire wafers. 
2.3.2. Nitridation of alumina 
Coming to the second stage, the as-grown alumina is nitrified. We attempt to 
nitrify the alumina into AlON compound. After the fabrication of alumina in the first 
hour at 1150。C, the nitrifying gas (N2 or NH3) is introduced into the chamber 
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immediately to nitrify the alumina. 
Nitrogen is one of the nitration agents that we use for the nitridation process. 
After the fabrication of alumina nanobelts, nitrogen is introduced into the chamber 
immediately without cooling down the samples. The samples are further heated for 
an hour at various temperatures to investigate the temperature effect of nitridation in 
nitrogen. The different temperatures used are 1150 1350 and 1550 
respectively. To compare the nitridation effect between ammonia and nitrogen, a 
sample is prepared by ammonina. After the fabrication of alumina nanobelts, 
ammonia is introduced into the chamber immediately without cooling down the 
samples. The samples are further heated for an hour at 1150。C. The result is 
compared with that from nitradation by nitrogen. 
2.3.2.1. Control experiments without residual Al 
We find that even after one hour for the fabrication of alumina nanobelts, Al 
powder is still not used up and remains in the crucible. We suggest that they have 
played a specific role in the nitridation process. A set of controlled experiments is set 
up to investigate the role of the A l powder in the nitridation process. 
After the fabrication of alumina nanobelts, the furnace is cooled to room 
temperature. The alumina crucible with remaining Al powder is removed, and the 
substrates are inserted back into the furnace. This process cannot be done at very 
high temperatures, since the insertion of the substrates quenches and breaks the tube 
of the tube furnace at high temperatures. The setup is heated up again to 1350。C at 
20°C/min and dwelled for an hour with a constant gas flow of 60 seem. The 
temperature of the furnace is adjusted to 1350°C, because nitrogen compound begins 
to form ill the nitrogen-treated sample at this temperature. 
A set of samples are prepared in different gases environment, i.e. argon, 
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nitrogen and ammonia without the presence of residual A1 powder. 
2.4. Methods of characterization 
The as-grown samples are subjected to morphological and microstructural 
analyses. Different methods for the characterizations are used and described in the 
following. 
2.4.1. Morphology 
The morphologies of the as-grown samples are observed under a LEO 1450 
Scanning Electron Microscope (SEM) with tungsten filament. It is operated at 10 kV. 
The flat strips of samples with the nanobelts on the substrates are stuck horizontally 
on SEM sample stages. The width and the length of the nanobelts are measured from 
the SEM images. 
The thickness of the nanobelts is too thin to be measured by SEM, and then a • 
Digital Instrument Nanoscope I I I Atomic Force Microscope (AFM) is used. The 
nanobelts are scratched out of the substrates, and then stuck on a Si wafer by 
electrostatic force. AFM measurement is conduced on the Si wafer. The thickness is 
known by the cross-sectional analysis from the AFM images. 
To capture the morphologies of individual nanobelts, a Philips CM 120 
Transmission Electron Microscope (TEM)，equipped with Energy Dispersive X-ray 
Spectroscope (EDS) for elemental analysis, is used. It is operated at 120 kV. In the 
TEM sample preparation, the as-grown alumina nanobelts are scratched and 
extracted from the substrate before they are spread onto a copper grid supported by 
carbon film. 
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2.4.2. Phase and microstructures 
The TEM can also be used to provide microstructural information for individual 
nanobelts by the selective area electron diffraction patterns (SAED) which helps to 
determine whether the nanobelts are single crystal, polycrystals, or amorphous in 
nature. With the calibrated camera constant, the inter-planar distance can be 
measured from the SAED, hence the crystal structure and the phase can be 
determined. 
A FEI TecnaiF20 field emission transmission electron microscope is employed 
for the High Resolution TEM (HRTEM) imaging of the nanobeltss. It is also 
equipped with Gatan's electron energy loss spectroscopy (EELS) for elemental 
analysis. The HRTEM operated at 200 kV. It captures real space images down to 
atomic scale. Therefore, the orientation of crystal planes can be identified. Moreover, 
it provides information about the growth direction of the nanobelts directly. 
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FIG 2.1 Schematic diagram of the experimental setup; (a) the heating assembly with the A1 powder, 
substrate and crucible, and (b) the entire setup of the tube furnace. 
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3.1. Introduction 
The morphologies of the as-grown AI2O3 nanobelts are studied by using SEM 
and TEM. The phases and the microstructures are characterized by XRD and 
HRTEM techniques. The effects of the processing parameters such as the moisture 
content of flowing gas, heating temperature and duration on the microstructures of 
the AI2O3 nanobelts are investigated. The optimal growth environment and 
temperature are studied, and then the dimension and the orientation of the nanobelts 
are controlled by heating duration and substrates orientation, respectively. Based on 
the experimental results and the analysis from the thermodynamic and kinetics 
considerations, a growth model for the formation of the nanobelts is proposed. 
3.2. General morphologies 
The morphologies of alumina crystals grown on a polycrystalline alumina 
substrate are shown in FIG 3.1. The nanobelts are prepared in moisturized air by 
heating Al powder at 1150。C for 1 hour. The nanobelts are uniform in width with 
sharp straight side edges. The tip of the each nanobelt has a triangular shape. Its 
width is less than Ijum and length is more than 100 jam on the average. They are very 
thin so that a 1 OkV electron beam can pass through its thickness, thus multi-layered 
structure can be observed even when the belts are overlapping with each other 
(circled region in FIG. 3.1). Moreover, many twisted and curved nanobelts are 
observed, this suggests that the nanobelts should have an extraordinary high 
flexibility 1. The thickness of nanobelts is measured to be about 20nm by AFM as 
shown in FIG3.2. This extreme thin thickness contributes to the extraordinary 
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flexibility. Their dimension can be altered by heating duration, which will be 
discussed in section 3.6. The triangular tip of the belt, which has been heated for 4 
hours in moisturized air environment at 1150°C is studied by TEM, as shown in 
FIG3.3. Round head feature is not observed at the tip of the nanobelt. The EDS 
analysis (insert of FIG3.3.) confirms the presence of A1 and O. This shows that the 
as-grown nanobelts are aluminum oxide without detectable impurities. 
3.3. Microstructural analysis 
The nanobelts microstructures are studied by TEM equipped with EDS and 
HRTEM. The two clear sets of single diffraction patterns with [0112] and [0001] 
zone axes as shown in the inserts of FIG3.3 confirm the single crystalline nature of 
the grown product. To investigate the crystalline structure of the nanobelts, the 
spacing and angles in the SAED patterns are determined. The inter-plannar distances 
are tabulated in Table.3.1. The obtained data are compared with those given in 
published references (JCPDS Card No: 46-1212). The inter-planar distances and the 
orientations in SAEDs indicate the belts possess the rhombohedral structure of 
a-A1203 with R3c(167) symmetry. The out-of-focus diffraction patterns is used to 
show that the belt grows along the [1120] crystalline direction. 
The lattice spacings near the tip of a belt are measured from the HRTEM image 
in FIG3.4a. It is 0.237nm along the growth direction, and is 0.138nm along its 
normal direction. They are corresponding to the (1120) and ( 3030 ) planes 
respectively. These results further confirm that the [1120] is its growth direction and 
a-Al203 structure is its crystal structure. FIG.3.4b and FIG3.3 show that the grown 
products have no droplet at their tips, nearly free from dislocations, and without any 
non-crystalline material attached to the tips of the nanobelts. These results suggest 
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that the growing of the belts is via a catalytic free process. 
3.4. Effects of heating environments 
In these series of experiments, the effects of moisture content on the growth of 
the alumina nanobelts are studied. Samples are prepared at 1150。C in different 
environments namely: 1) moisturized argon gas; 2) moisturized air; and 3) dry air. 
The details of the experimental arrangement have already been presented in Chapter 
2. 
FIG3.5a shows a sample prepared in a moisturized argon environment. Alumina 
nanobelts are not observed on the surface of the substrate in this case. Only particles 
about 1 |Lim in diameter are found on the surface. EDS analysis shows that these are 
alumina particles. Samples prepared in moisturized air, and in dry air are shown in 
FIG3.5b and FIG.3.5c respectively. They have similar crystalline structure and 
growth direction and morphology. Samples prepared in moisturized air environment 
have a higher yield, longer nanobelt length (〜lOOpm) and smaller width (~l|um). A 
lower yield, shorter (~40|im) and wider (4^m) nanobelts are produced for samples 
prepared in dry air. The length to width ratio changes from 100 for samples produced 
in the moisturized air to 10 in dry air. Hence, these results show that air is necessary 
for the growth of alumina nanobelts, and water moisture can promote and stabilize 
the growth of nanobelts. Thus, the moisturized air is the suitable environment for the 
fabrication of alumina nanobelts. 
3.5. Effects of heating temperatures 
To study the growth kinetics and to develop a growth model for the alumina 
nanobelts formation, it is necessary to further investigate the effects of temperature 
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during heating of A1 powder. Heating temperature is raised from 950°C to 1350°C at 
an interval of 100。C. The SEM images of the nanobelts prepared at different 
temperature are shown in FIG3.6. 
When the heating temperature is below 1050。C, no deposition is found on the 
surface of the substrate, as shown in the SEM images of FIG.3.6a (for 950°C) and 
3.6b (for 1050。C). This shows that there is an energy barrier, the growth of alumina 
nanobelts do not occur before 1150®C. They are only observable in samples heated at 
1150。C and 1250。C. Their relevant SEM images are shown in FIGS.6c (1150°C) and 
FIG3.6d (1250°C). The nanobelts grown at 1250。C are straight, shorter (<20|im) and 
narrower (<0.8|im), while that grown at 1150。C are longer (-lOOjum) and wider 
(~l|im). There is a reduction of growth rate when the heating temperature is 
increased. These changes will be further discussed in section 3.8.2. Furthermore, 
some preferred growth orientation is observed for the sample grown at 1250°C. Apart 
from the dimensional difference between samples prepared at different heating 
temperatures, tiny nanowires are also formed in the samples prepared at high 
temperatures. These nanowires become the major by-product in samples heated at 
1350。C as shown in FIG.3.6e. The TEM images of the nanowires shown in FIG.3.7 
are in irregular structure, and the EDS spectrum in the insert suggests that they are 
alumina. These results show that the growth of the nanobelts is sensitive to the 
heating temperature. The growth is favorable at 1150。C. The rate is sharply reduced 
above 1150°C, and nanowires dominate over nanobelts when the heating temperature 
is above 1150°C. At ISSO '^C all 1-D nanostructured alumina are not found, and the 
alumina is in the form of particulate. 
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3.6. Effects of heating duration 
In sections 3.4 and 3.5, the growth condition of the alumina nanobelts are 
optimized. Then the controlled growth by the different heating duration is presented 
in this section. A series of samples are prepared by using different heating duration 
namely 0.25, 0.5, 1, 2 and 4 hours at a heating temperature of 1150°C in moisturized 
air environment. The consequent results are shown in FIG.3.8. The belt-like 
structures are obtained. It shows that the length and width increase with the 
increasing heating duration. It is noted that after prolonged heating duration, e.g. for 
2 hours or longer, secondary growth on the belts occurs. FIG3.9a is a magnified 
image of the hexagonal pin-like secondary growth on the surface of the sample 
which had been heated for 2 hours. Since the growth rate for [0001] direction is 
slower than other directions, hexagonal island with fast growing edges is often 
observed on (0001) plane. It is a characteristic feature of the growth of alumina along 
the [0001] crystalline direction】. 
The width and the length of the alumina nanobelts measured from the SEM 
images are plotted against the heating duration in FIG.3.10. The plot shows that both 
the width and the length increase with the heating duration. However, the plot in 
FIG 3.11 shows that the length to width ratio of the alumina nanobelts decrease when 
the heating duration is extended. This reveals that the growth in the lateral direction 
(perpendicular to growth direction) is promoted in prolonged heating. A possible 
reason is that the reaction rate for the production of supersaturated vapor is faster 
than the deposition rate, and then the product vapor accumulated in the atmosphere. 
It becomes more and more supersaturated. The degree of supersaturation increases 
with heating duration; this activated the growth of low energy planes. This also 
explained the 2-D hexagonal islands on the samples in FIG3 .9. 
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3.7. Effects of substrate orientation 
In previous sections, polycrystalline alumina substrates are used. To eliminate 
the effects of polycrystalline substrates on alumina growth, single crystalline alumina 
substrates are also used. The epitaxial growth of a-alumina nanobelts on the surface 
of the single crystal sapphire wafer is observed as shown in the following. 
The epitaxial growth of a-alumina nanobelts on different orientated sapphire 
substrate, i.e., with surface planes of (0001), (0110) and (1120), as illustrated in 
FIG3.12. The belts grown on the (0001) sapphire wafer are short and have a three 
fold symmetry as its preferred growth direction, which is indicated by the dark 
arrows in FIG.3.12(a). Since the [1120] growth direction is parallel to the (0001) 
plane, the belts are impossible to grow on the (0001) sapphire surface directly. As a 
result, nucleation and growth of small precursors on the (0001) sapphire surface have 
to be proceeded. After that the belts are able to grow on the precursors along the 
[1120 ] direction. A schematic illustration is shown in FIG.3.13. The three fold 
symmetry, shown by the black arrows in FIG.3.12(a), is matched with the symmetry 
of <1120 > direction on (0001) plane. 
Preferred growth orientation on (0110) sapphire wafer is not clearly shown 
from a top view (insert of FIG. 3.12(b)), but some preferred directions are able to be 
indicated by the white arrows. The angle between the arrows is about 60。，this is the 
same as the angle between the two {1120 } axes. The side view shown in FIG.3.12(b) 
clearly shows the 60° symmetry of < 1120 > growth direction on the (0110) 
substrate. 
No obvious preferred growth orientation could be observed form the top view 
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on the (1120) sapphire substrate in the insert of FIG. 3.12(c). However, the side view 
in FIG.3.12(c) shows the growth direction is normal to the substrate surface plane. 
Al l of the above results show that the orientation of the substrate has a direct 
impact on the growth of the alumina nanobelts. The aligned nanobelts are produced 
by the epitaxial growth on the sapphire wafers. Since the dimensions of the sample 
on (1120) and (0110) sapphire substrates are similar to those grown on 
polycrystalline substrate, this implies that the polycrystalline nature of the substrate 
do not have a specific role in the growth mechanism of alumina nanobelts. 
3.8. Proposed growth model 
3.8.1. Thermodynamic considerations 
The results described above showed that a-alumina nanobelts are grown along 
[1120 ] direction. Similar experiments had been conducted at higher temperatures 
(above 1350。C) with a moisturized Ar at atmospheric pressure '^"^ '^ '^ . The 
vapor-liquid-solid (VLS) catalyst-assisted g r o w t h ^ a n d vapor-solid (VS) i’4’7-9,i4 
growth are two well known mechanisms for describing the growth of 1-D 
nanostructures. In VLS growth, the round droplet at the growth front tip is the most 
remarkable sign. In the present work, no foreign droplet-tips were observed by SEM 
(FIG 3.1) and TEM images (FIG3.3), and no catalyst was applied in the experiments. 
Thus, we postulate that the growth of alumina nanobelts should follow the VS 
mechanism. 
There are several reaction paths possible for the formation of AI2O3 from A1 
powder via the VS growth. Firstly, the A1 powder melted and vaporized to form A1 
vapor: 
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Al(s) 一 Al(i) - > Al(g) 
The gaseous A1 could directly react with water or oxygen to form AI2O3 through 
following reactions: 
2Al(g)+ 3H20(g) — Al203(s) + 3H2(g) (1) (AG = -1022 kJ/mol at 1150°C) 
2Al(g)+3/202(g) — Al203(s) (2) (AG = -1229 kJ/mol at 1150X) 
The alumina could also be produced through a 2-step reaction process with gas 
specie as intermediate. The reaction is shown as follow: 
2Al(g) + H20(g) — Al20(g) + H2(g) (3) (AG = -92 kJ/mol at 1150°C) 
2Al(g) + 0.502(g) — Al20(g) (4) (AG = -251 kJ/mol at 1150°C) 
H2(g) + 02(g) —H20(g) (5) (AG = -169 kJ/mol at 1150°C) 
Al20(g) + 02(g) Al203(s) (6) (AG = -979 kJ/mol at 1150°C) 
where s and g indicate whether the reactant and the product is in the form of solid or 
vapor respectively. The Gibbs free energy changes of the above reactions (AG) are 
listed on the right of the equation. Their values are calculated from the data layout in 
the JANAF Thermodynamic Data Book】。. Based on the thermodynamic 
considerations, these reactions are thermodynamically probable and favorable. 
However, Hargreaves^ had done some detailed thermodynamic analysis on the 
reactions between aluminum and water. It was found that the vapor pressure for 
Al(g)(〜10-5atm)7, and AlO(g) (-lO'^^atm)'^ were , however, several order of magnitude 
less than that of Al20(g)(�ICT^ atm)? at 1500°C. Hargreaves suggested that Al20(g) 
was a major contributor to the vapor-phase mass transport in the heating and reaction 
process. Thus oxidation of reactions (1) and (2) is not favorable due to insufficient 
supply of aluminum vapor to reach the substrate surface. In our work, we have 
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shown that oxygen is necessary for the formation and growth of the nano-alumina in 
section 3.4, thus reaction (3) is valid. Furthermore, as we have shown that water can 
promote and stabilize the production yield (section 3.4), thus reaction (4) also takes 
part in the growth process. The resultant hydrogen gas reacts with oxygen to produce 
water by reaction (5) (the auto-ignition of hydrogen temperature is 580。C), and then 
the water induced more AI2O through the reaction (3). The AI2O diffuses to the 
surface of the substrate, as a stable gaseous intermediate. It is adsorbed onto the 
substrate surface and is further oxidized to form AI2O3 through reaction (6). 
Continuous supply of AI2O gas leads to the growth of these alumina nanobelts. 
3.8.2. Molecules impinging model 
In this work, the nano-alumina products obtained were belt-like with triangular 
tips pointing to the [ 1120 ] direction. It is known that the degree of supersaturation is 
a prime factor affecting the morphology of the final product A low 
supersaturation or high temperature favors epitaxial growth, while a medium 
supersaturation and temperature leads to platelets growth. Whisker grows at 
intermediate supersaturation, and amorphous powder is produced at high 
s u p e r s a t u r a t i o n . 15-16 These reports suggested that the growth process were controlled 
by reaction kinetics. Wang et. proposed a growth model for ZnO nanobelts by 
the VS mechanism. The vaporized source materials composed of stoichiometric 
cation-anion molecules. The molecules stuck onto the nuclei on the substrate, and 
attached to the cation-anion corresponding sites. The nano-belt continued its growth 
by attachment of molecules at their adjacent sites on the high-energy surface. In our 
case, since AI2O gas is much concentrated than AI2O3 vapor in ambient, the stacking 
probability for AI2O on substrate is much higher than AI2O3 vapor. The growth is 
enhanced by the stacking of AI2O molecules. Since the linear structure^^ of AI2O 
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does not favor to attachment to the (0001) plane due to the Al and O atoms layers 
alternating arrangement along [0001] direction, thus only one Al atom on one end 
can attach on oxygen layer. Based on Wang's model “ , AliO would attach on 
(1120) plane, because the cation and anion sites coexist on this plane as shown in 
FIG3.14. In this figure, the Al (in dark) and O (in bright) atoms of AI2O molecules 
are attached to their corresponding partner positions on the (1120) plane. This action 
distorts the surface charge stoichiometry, and lead to the unstabilities of the surface. 
As a result, the remaining sites are occupied by oxygen through reaction path (5) to 
maintain the stoichiometry. Subsequently, the nanobelts are grown along [1120] 
direction. 
This model explains the growth direction, but not the growth process. It is 
because when we have only considered the effect of the molecules stacking on the 
sample which contributes to the axial growth of the belt. We now apply the 
Hertz-Knudsen equation〗 which describes the flux J of molecules stacking on a unit 
area based on the kinetic gas theory. 
p 
The Hertz-Knudsen equation is given by: J = [i] 
M P 
Then, the growth rate G is given by: G = ~ ' - - - j = = = [ii] 
where Ms is the molecular weight of deposited substance, p the density of the 
deposited solid phase and Mt the molecular weight of transporting molecule, P the 
vapor pressure of the substance, 7 the temperature, and R the gas constant. 
The axial growth rate, G, by Hertz-Knudsen equation is calculated with 
following assumption and available parameters: 
Ms (molecular weight of alumina) = 102 kg 
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p (density of alumina) = 3980 k g W 
Mt (molecular weight of AI2O) = 70 kg 
P (vapor pressure of AI2O gas?) = 12.3Pa, when T= 1150°C 
P = 1320Pa, when T= 1550''C 
The growth rates at different temperature from the theoretical calculation are plotted 
in FIG3.15 by solid black line. The experimental growth rates at different heating are 
also plotted in FIG3.15 by triangular spots. They are calculated by the measured 
length over heating duration. When comparing the theoretical and experimental 
results in FIG.3.15, we note that they match well at 1150°C. The theoretical axial 
growth rate is 109|im/hour and the actual growth rate is 98|im/hour. They are in 
same order of magnitude. The molecules impinging model is valid at 1150。C, 
however, the theoretical calculation shows an exponential growth with temperature, 
and this is not the case in our experiments. In fact, the growth rate at the heating 
temperature of 1250。C does not equal to calculated value in FIG.3.15. As discussed 
in section 3.5, there is a reduction in growth rate with temperature. The 
Hertz-Knudsen equation is not applicable at higher temperature, and the growth of 
alumina nano-belt cannot be simply modeled by the molecules impinging model. 
3.8.3. 2-D nucleation model and surface diffusion 
A 2-D nucleation and surface diffusion approach may be used to describe the 
growth of the alumina nanobelts at the temperature above 1150°C. In reality, the 
molecules (AI2O) can be absorbed (impinged) onto the growing surface, and they can 
also leave (desorption) the surface at the same time. Before they desorbs, some of 
them nucleate on the surface. Once 2-D nucleation occurs, a single-layered step 
forms at the edge of the nucleation site. When more molecules are absorbed onto the 
3-11 
Chapter 3 Fabrication of alumina nanobelts 
surface and diffuse to the step, they tend attach to the step and become part of the 
bulk crystal. The step continues to grow horizontally until a completed layer is 
formed, and then another 2-D nucleation occurs at the new surface. As a result, the 
axial growth rate is governed by the nucleation rate as well as surface diffusion. 
According to Blakely and Jackson�，the 2-D nucleation rate at the growing front is 
—TT 
given by: / = B e " ^ ^ ^ [iii] 
where is a constant, o the surface energy, k the Boltzmann constant, T absolute 
temperature and a the supersaturation ratio. Obviously, the equation indicate that 2D 
nucleation rate increases with temperature. 
While the mean distance, A, of the molecules traveled during their life time on the 
surface can be described by^: 
X^ae 训 [iv] 
where a is the mean distance between the absorption sites, Edes the activation energy 
for desorption and Esd the activation energy for surface diffusion. Since the 
desorption energy Edes is always greater than the diffusion barrier Esd, mean distance 
A, decreases with temperature. The experimental data at 1150°C is very close to the 
theoretical data by the impinging model, these suggested that the impinged 
molecules is seldom to desorb to the ambient environment at such temperature, 
because X is longer than the mean distance between the absorption sites and the steps 
on the growing surface. Almost all impinged molecules diffuse to steps and become 
part of the crystal, before they desorbed to ambient. At higher temperature, the A 
reduces, and many molecules desorbe even before they reach the step. This may 
explains the discrepancy between the experimental data and the theoretical data by 
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Hertz-Knudsen equation at 1250。C in FIG.3.15. 
Furthermore, the reduction in growth rate in length with temperature suggests 
that the 2-D nucleation rate has little effect on the growth rate. It is because of the 
following reasons. According to the 2-D nucleation rate equation [iii], temperature T 
and supersaturation ratio a are the controlling factors for the 2-D nucleation rate. 
Decrease of temperature or increment of supersaturation will promote the 2D 
nucleation rate, and also the growth rate. However, the temperature and the 
supersaturation ratio are related. Increase of T would cause supersaturation ratio a to 
decrease. In our case, the growth rate is not promoted by heating temperature. Then 
the reduction of supersaturation cancels or overcomes the temperature effect on the 
nucleation rate. Finally, we conclude that the reduction of growth rate at high 
temperatures (1200。C) is due to the enhancement of surface desorption and the 
reduction of 2-D nucleation rate, which leads to the reduction in the length of the 
alumina nanobelts at high temperature. 
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Figures 
m 
FIG 3.1 SEM image of alumina nanobelts grown on a polycrystalline alumina substrate 
II f , M ^^ 
o 
i d， I I 
7 0 1.00 2.00 
FIG 3.2 APM image of a nanobelt (left). Thickness profile of a nanobelt (right). 
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I 1 I 
FIG 3.3 TEM image of the tip of a bell. The inserts are SAED patterns obtained from different 
zone axes. 
Plane (hkil) Measured dhkii ( A ) Reference dhkii ( A ) 
n ^ ^ ^ 
^ ^ 
^ ^ ^ 
21_10 ^ ^ 
2 0 ^ ^ 2M 
0111 3.92 3.93 
Table 3.1 Inter-planar distance of alumina obtained from SAED patterns and the references. 
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FIG 3.4 HRTEM images (a) edge and (b) tip of a nanobelt. 
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FIG 3.5 SEM images of sample heated (a) in moisturized argon, (b) in moisturized air, aiid (c) in 
dry air. 
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m 
FIG 3.6 SEM images of the as-growth samples heated al a) 950�C，b) 1050�C，c) 1150�C, d) 
125()°C and e) 135()�C in moisturized air environment. 
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FIG 3.7 TEM images of nanowires of 1350°C sintered sample. The insert is the EDS spectrum 
which indicates that the sample contains Al and O. 
j 
3-22 
Chapter 3 Fabrication of alumina nanobelts 
m • 
3-23 
Chapter 3 Fabrication of alumina nanobelts 
• 
m 
FIG 3.8 SEM images of sample heated at 1150�C in moisturized air environment for a) 0.25, b) 0.5, 
c) 1, d) 2 and c) 4 hours. 
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FIG 3.9 SEM images showing secondary growth on the belts for the sample annealed for a) 2 
hours and b) 4 hours. 
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FIG 3.10 Dimensions of the nanobelts versus the heating duration. 
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FIG 3.11 Plot of the length to width ratio of the nanobelts against the heating duration. 
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FIG 3.12 SEM images from (a) lop view of (0001) sapphire，(b) side view of (1010) sapphire, and 
(c) side view of ( 1 1 2 0 ) sapphire. The inserts in (b) and (c) are top view images. 
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FIG 3.13 Schematic illustration showing nano-belt grown on (0001) sapphire, (a) Small pins are 
firstly grown on [00011 direction on the sapphire surface, (b) The nanobelts then grow al the side 
walls of the pins alone the [1120]. 
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FIG 3.14 Schematic illustration shows the AI2O molecule is stacking on the (1120) plane of the 
nanobelt. 
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FIG 3.15 Comparison of experimental results and the growth rate calculated by the Hertz-Knudsen 
equation (points in solid line). 
3-32 
Chapter 4 Nitridation of alumina 
Chapter 4 Nitridation of alumina 
4.1. Introduction 
After the fabrication of the alumina nanobelts (as presented in the previous 
chapter), we attempt to produce aluminum oxynitride (AlON) with our alumina 
products. This involves the nitridation reaction of AI2O3 between Al vapor to form 
AlON. Current conventional methods of direct nitridation of alumina are usually 
processed at extremely high temperature,"^ "^  as mentioned in Chapter 1 • In this work, 
we have used the alumina nanobelts as our starting materials. The advantage of using 
nano-sized materials in materials processing is that the temperature requirements are 
often relatively lower^"^. The nitridation process for the alumina nanobelts is 
performed in nitrogen or ammonia environment. AlON nanoparticles are produced 
through this nitradation process and a growth model is proposed. 
4.2. Effects of heating temperature in Nitrogen 
Abundant of alumina nanobelts are initially produced by heating Al powder at 
1150。C for 1 hour in moisturized air environment as described in chapter 3. Nitrogen 
gas is introduced into the chamber immediately and the sample is further heat-treated 
for an hour. A series of samples are prepared at 1150。C, 13SOT and 1550。C in such a 
manner. Different morphologies and compositions are obtained for different 
nitridation temperatures as shown in FIG 4.1 to FIG 4.3. 
For the sample heat-treated at 1150®C, both of its SEM and TEM images are 
shown in FIGs 4.1(a) and (b). There is no observable difference before or after the 
nitrogen treatment. The EDS spectra in the inserts in FIG 4.1(b) show that no 
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nitrogen component is detected in the sample. Thus it can be concluded that no 
nitridation has occurred in the sample treated at 1150°C. 
For the sample treated at 1350。C, dark spike-like particles are formed on the 
surfaces and the edges of the nanobelts as shown in FIG 4.2(a). EDS analysis is 
conducted on different regions of the belts. Their spectra are in the inserts of FIG 
4.2(b). It is found that these darker regions at the edges and the spike-like particles 
contain A1 and N. Possibly these regions contain AIN. 
For the sample treated at 1550°C with nitrogen gas, some regular sharp holes 
are formed along these edges as shown in FIG 4.3(a). The edges are also thickened, 
and nitrogen is detected by EDS at the edges as shown in the insert of FIG 4.3(a). 
However, the spike-like particles are not able to be observed on this sample. By the 
EELS elemental mapping in FIG 4.3(b), abundant of nitrogen is found at the edges of 
the belts, while oxygen is detected in the centre of the belt, and aluminum is found 
evenly distributed throughout the whole sample. This suggests that the belts edges 
are the location for preferential nitridation to form aluminum nitride, and the center 
part of the belt body maintains as alumina. The holes have regular semi-hexagonal 
shape with regular straight edges. One of the hole edges is perpendicular to the 
growth direction, which is (1120); and the others have an angle of 120° with it, they 
should be the (2U0) and (1210) planes. The (1120), (2110) and (1210) planes 
are the same family planes of {1120}. This reveals that preferential etching on 
〈1 oio〉direction occurs and (1120) are residual planes. A schematic illustration is 
shown in FIG 4.4 showing the holes with {1120} planes and AIN formed at the 
edges of the nanobelts. 
According to the above results, it is evident that the nitridation reaction begins at 
1350°C with the formation of some AIN particles on the alumina belt surface. In 
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further higher temperature, say 1550°C, the alumina is converted to AIN and 
preferential nitridation occurs. The alumina is selectively nitridated into aluminum 
nitride in nitrogen atmosphere. The nitridation reaction can be the direct reaction 
between the alumina and nitrogen, or the reaction between residual aluminum vapor, 
nitrogen and alumina. The reaction mechanisms will be discussed in a later section 
(4.5). 
4.3. Nitridation with ammonia 
As we know from the study in previous section (4.2), AIN can be produced at 
high temperatures in nitrogen environment. Further to this investigation, a more 
reactive gas, ammonia, is used in order that a lower reaction temperature can be used 
to form AIN or AlON (aluminum oxynitride). 
Alumina belt is initially produced by heating A1 powder at 1150。C for 1 hour in 
flowing moisturized air as described in chapter 3. Ammonia gas is then introduced 
into the chamber immediately and the sample is further heated for an hour. The TEM 
bright field images of this sample are shown in FIGs 4.5 and 4.6. FIGs 4.5(a) and (b) 
are the same region of the same belt, but the are different in orientations by 20。. Tiny 
particles can be observed at the edge of the belt in both the figures. The entire belt is 
covered with small particles. EDS analysis is conducted on these particles. 
Aluminum, oxygen and nitrogen are detected in these particles. FIG 4.6 is the TEM 
bright field images with a high magnification. The particles are about 40nm in 
diameter. The rings pattern in the corresponding SAED patterns in the inserts of FIG 
4.6 reveals that they are polycrystalline. The inter-planer distance is calculated from 
the SAED patterns and tabulated in Table 4.1. The data is compared with some 
reference data [JCPDS Card No: 48-686(Z=4.57), 80-2171 (Z=4.4), 80-2172(Z=3.52), 
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80-2173(Z=2.8)]. It shows that the particles are aluminum oxynitride, y-AlON, and 
its chemical formula is Al(64+z)/3032-zNz (Z=7) . [The data (Z=7) is calculated from 
the reference with JCPDS Card No: 48-686(Z=4.57), 80-2171 (Z=4.4), 
80-2172(2=3.52), 80-2173(Z=2.8)]. For an ideal spinel 丫-AlON, Z equals to 5. Z can 
be as large as 8, while it can still maintain the spinel structure.The Z value of the 
y-AlON particles indicates they are nitrogen rich product, this well agrees with our 
EDS result. The elemental distribution is further confirmed by EELS mapping as 
shown in FIG 4.7. The aluminum, nitrogen and oxygen are uniformly distributed in 
the particles. From this works, it shows that ammonia nitridation reaction in alumina 
occurs at 1150。C, a temperature requirement which is much lower than that for 
nitrogen nitradation. 
4.4. Removal of residual Al powder 
In the previous experiments presented in sections 4.2 and 4.3, Al powder source 
is not used up before the introduction of nitrogen and ammonia gas. Thus residual Al 
powder is left un-used in the chamber after the formation of the alumina nanobelts. 
During nitridation, these Al might have reacted with the gases (N2 or NH3) directly. 
Thus, a control experiment with the residual Al being removed before nitridation 
process is performed. This aims to study the mechanism and the role of residual Al in 
the nitradation process. 
To proceed, after an hour heating of Al powder under reduced pressure in 
moisturized air at 1150°C, the chamber is cooled down, and the alumina crucible 
containing residual Al powder is removed, while the substrate is left behind for 
further nitradation process. The chamber is then heated up to 1350。C in argon, 
nitrogen or ammonia atmosphere and dwelled for an hour. FIGs 4.8 (a) and (b) are 
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the TEM images of the samples heat-treated with argon and nitrogen respectively. 
The image and EDS spectra do not have obvious change after the nitridation 
treatment. This reveals the thermal stability of alumina nanobelts in argon and in 
nitrogen, and the direct nitridation by nitrogen does not occur, even the temperature 
reaches 1350*^ C. When these results are compared with the previous 1350°C nitrogen 
treated sample in the present of residual A1 vapor as reported in section 4.1 (TEM 
images in FIG 4.2), it is evident that in the latter, the AIN (dark particles) on the belt 
surface are formed by vapor phase reaction between the A1 residual vapor and the 
nitrogen gas, and followed by the deposition of AIN on the alumina nanobelts. 
In the study of nitridation for alumina nanobelts by NH3 without the presence of 
residual Al, a TEM micrograph is shown in FIG 4.8(c). Some semi-hexagonal holes 
are found along the edges. FIG 4.9 is an EELS elemental mapping, it shows that 
nitrogen enrichment is at the edge and oxygen is concentrated at the center. This 
result is similar to that observed in FIG 4.3, which is nitrogen treated sample heated 
at 1550°C. It is believed that these holes are formed by reaction between alumina and 
ammonia. The edges of the holes are determined to be (1120) plane. Supplementary 
experiment has been done at 1150°C in ammonia. The TEM image in FIG 4.10 
shows that the direct nitridation of alumina also occur at 1150。。but no nanoparticles 
are found. This further confirms the necessity of residual Al vapor during formation 
丫-AlON nanoparticles. 
Two important facts about the nitridation are observed in the control 
experiments without residual Al power: 
A. Preferential nitridation in alumina nanobelts occurs in nitrogen or ammonia 
atmosphere, but higher temperature (〜1550OC) is needed for nitrogen nitradation, 
while ~1150°C is required for NH3 nitridation. This process is the direct reaction 
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between the gas and the alumina belt, since preferential nitridation is observed 
in the controlled experiments. 
B. Furthermore, in the absence of residual Al, 丫-AlON nanoparticles are not being 
found during nitridation in the control experiment. Thus, base on previous result 
(section 4.3) 丫-AlON should be produced by the reaction between Al(g)，NH3(g) 
and Al203(S), 
4.5. Chemical reactions and the growth model 
Two subjects are to be discussed in this section: (1) preferential nitridation 
along the (1120) planes; and (2) formation of y-AlON nano-particles. 
4.5.1. Preferential nitridation 
The preferential nitridation is the direct reaction between alumina and nitrogen 
gas. Since holes with sharp edges are formed on the samples, we believe that some 
parts of the sample are vaporized out from the surface, thus distinct shaped holes are 
formed on the edges of the sample. The reaction between alumina and ammonia 
occurred readily at a lower temperature is due to the fact that an extra energy is 
released because of the dissociation of ammonia: 
NH3(g) -> 0.5N2(g)+ 1.5H2(g) 
The final reaction should be between nitrogen and the alumina. Since no oxygen 
is introduced during the formation of 丫-AlON particles. Oxygen containing gaseous 
species have to be produced during the nitridation reaction. These gaseous species 
wil l be the oxygen source for the y-AlON formation. Various reactions may have 
occured to produce oxygen containing gaseous species: 
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1. Al203(s) + N2(g) — 2AlN(s)+ 1.502(g) 
2. Al203(s) + 0.5N2(g) — NO(g) + 2A10(g) 
3. Al203(s) + 0.25N2(g) -> 0.5N02(g)+2A10(g) 
4. Al203(s) + N2(g) — 2N0(g) + Al20(g) 
5. Al203(s) + 0.5N2(g) -> N02(g) + Al20(g) 
6. Al203(s) + 0.5N2(g) — N0(g) + Al202(g) 
7. Al203(s) + 0.25N2(g) -> 0.5N02(g) + 湖 鄉 
8. 1.5Al203(s) + N2(g) — AlN(s) + 2.5NO(g) + Al202(g) 
9. 1.5Al203(s)+ 1.375N2(g) -> AIN⑷ + 1.75N02(g) + Al20(g) 
Based on the thermodynamic data ,^ the free energy changes for these reactions are 
calculated and all listed in Table 4.2. It shows that the reaction is not favorable at 
standard condition. The reactions are only favorable if the partial pressure of the 
product is much smaller than that of the reactant. Their ratio is at the order about e'^^ 
This shows that the reactions are very slow or almost impossible. 
Formation of layered AlON at the etching edges is unlikely to occur, since the 
EELS mapping in FIG.4.3 do not show any nitrogen enrichment at the edges. 
Although the chemical reactions for the preferential nitridation are difficult to be 
predicted by the thermodynamic calculations, we can compare the etching directions 
and planes with the growth of alumina nanobelts described in the previous chapter. In 
the crystal growth process, the growth rate of a plane is proportional to its surface 
energy, and then the growth direction is the normal to the respective plane with the 
highest surface energy. In the etching process, the etching rate is inversely 
proportional to the surface energy, and the plane with highest surface energy is more 
likely to leave behind after etching. From the previous chapter, we known that the 
growth direction of the nanobelts is 1120 and its plane is (ll2o). However, there 
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is no detailed report on the surface energy for this plane, thus we do not know i f it is 
the highest energy plane of a-alumina. Nevertheless, we can compare with the result 
of the preferential etching. The etching direction is <1010>, and {1120} planes is 
left behind on the samples. The residual planes on the etched sample are the same as 
the growing plan of alumina nanobelts, this suggests that the {1120 } planes are the 
highest energy planes of a-alumina. The result indicates that the nitrogen etched 
alumina along <loio> directions and the high energy planes {1120 } are left behind. 
Nitrogen is generally considered stable with alumina. There is no previous report on 
the direct reaction between alumina and nitrogen at high temperatures. The 
preferential nitridation may be due to the unexpected reaction between alumina and 
nitrogen, or the unusual reactivity of nano materials. 
4.5.2. Formation of y-AION nano-particles 
In this work, the necessary condition for the formation of y-AlON nanoparicles 
is the presence of Al(g), AhOs^s), NH3(g). The role of residual A1 powder and gaseous 
NH3 in the fabrication ofy-AlON is to be discussed below. 
As described in the previous section (4.4), y-AlON cannot be produced without 
the presence of A1 vapor. This reveals that the A1 vapor is one of the reactants of the 
reactions, and the alumina cannot be converted into AlON directly. A1 vapor reacts 
with ammonia to form aluminum nitride in the initial stage. 
Al(g) + NH3(g) — AlN(s) + 1.5H2(g) (AG = -414 kJ/mol at 1150°C) 
The AIN is the precursor for the production of 7-AION nanoparicles. Without A1 
vapor, the precursors as well as the y-AlON are not able to form. 
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Ammonia gas is essential for y-AlON production, and the 丫-AlON cannot be 
found in nitrogen treatment. Reaction between A1 vapor and nitrogen is shown as 
follow. 
Al(g) + 0.5N2(g) —AlN(s) (AG = -311 kJ/mol at 1150°C) 
Although AIN formation by nitrogen is thermodynamically favorable^ at 1150。C, it is 
not observed in FIG 4.1(a). This suggests that the reaction is slow if not possible at 
such a temperature. Since the precursor AIN is absented, the y-AlON cannot be 
formed. From the above results, we know that ammonia plays two roles: (1) nitrify 
A1 vapor to form AIN precursor; and (2) react with alumina to produce some 
oxygen-containing gas which is the only oxygen source for further reaction. These 
two products are then reacted to form highly supersaturated y-AlON. It is then 
homogeneously nucleated and deposited onto the surface of the alumina. 
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FIG 4.1 (a) SEM image of alumina nanobell heated in nitrogen al 1150�C for 1 hour, (b) TEM 
images of the same sample, the inserts in (b) are the SAED and EDS spectra taken in the centre and 
near the edge of the belt. 
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FIG 4.2 (a) TEM image of a nitrogen treated alumina sample al 135()�C. (b) Magnified image near 
the edge. The inserts are the EDS spectra obtained in the regions indicated by the arrows which have 
the high nitrogen content. 
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FIG 4.3 (a) TEM image of a nitrogen treated sample al 155()�C，the inserts are EDS spectra from 
the arrows regions indicated by the arrows, (b) EELS mapping of the sample showing enrichmenl of 
nitrogen at edge, (top right) 
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FIG 4.4 Schematic illustration shows the preferential etching along the < 1010 > direction on the 
alumina nanobelts after nitridation by N2. 
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FIG 4.5 TEM images of the alumina nanobelt treated with ammonia at 1150°C.The orientation of 
the belts are differed by 20°. 
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FIG 4.6 Magnified TEM mages of the ammonia-treated samples. The inserts are their SAED 
patterns. 
Plane Reference Measured dhki ( A ) Measured d h u ( A ) 
AlON (A) from FIG 3.17(a) from FIG 3.17(b) 
(220) 2.82 2.82 2 M “ 
(311) 2.41 2.45 ‘ 
(400) 1.90 — 1.90 
(422) 1.62 - 1.62 
(511) 一 1.54 1.47 1.47 
(440) 1.41 1.36 1.39 
Tabic 4.1 The intcr-planar distance of reference AlON data (Z=7) and the measured value from 
SAEDs in FIG 3.17 (a) and (b). 
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FIG 4.8 TEM images of alumina sample after further heat treatment at 1350°C without the residual 
A1 powder in (a) argon, (b) nitrogen and (c) ammonia. 
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FIG 4.9 Elemental EELS mapping showing Al, 0，N distributing in ammonia treated nano-alumina 
sample. 
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FIG 4.10 TEM images for the Al powder removal samples with ammonia treated at 1150°C. 
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Reaction ^^^^ energy change to react 1 mole of Ratio of the gas to favor 
eac ion AI2Q3 (J/mole) at 155Q°C the reaction 
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p 0 5 p p 0.5 p 
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p 0.25 p 0.25 
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Table 4.2 Thermodynamic calculations related to the reactions between nitrogen and alumina 
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5.1. Conclusions 
Alumina nanobelts are fabricated successfully via a simple and inexpensive 
method. This technique employs the chemical reactions between Al, H2O and O2 . 
The product is single crystal its their growth direction is along 1120 .The growth of 
the nanobelts is through the vapor-solid mechanism, without the need of catalyst. The 
fabrication of the alumina nanobelts is controlled by using appropriate heating 
environment and heating temperature, while the size and alignment are controlled by 
the heating duration and the orientation of the substrate. Nitridation of the alumina 
nanobelts can be achieved by using nitrogen gas or ammonia gas, and the products 
are AIN or AlON. 
The alumina nanobelts can only be fabricated at 1150°C and 1250。C in 4 Torr of 
environment pressure in moisturized air. The growth rate of the nanobelts decreases 
with the increase of heating temperature. The growth via VLS is not possible since 
there is no metal or alloy head attached to the tips of the as-grown nanobelts. With 
the thermodynamics and kinetics consideration, the VS growth model with 2D 
nucleation and surface diffusion is proposed. 
The dimension and the alignment of the nanobelts are controlled by the heating 
duration and the orientation of the substrates respectively. The length of the 
nanobelts is increased from 37 to 270|im, while the heating duration is extended 
from 0.25 hour to 2 hours. Well-aligned nanobelts can be epitaxially grown on 
sapphire wafers. The epitaxial grown alumina nanobelt is formed on the (l 120) 
plane of the single crystal sapphire wafer. 
We have also studied the nitridation process of alumina nanobelts in nitrogen 
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and ammonia gas at atmospheric pressure. Series of experiments are set to study and 
confirm the specific role of residual Al powder in the nitridation process. In nitrogen 
atmosphere with residual Al powder, AIN particles are found to be deposited on the 
alumina nanobelts when the sample is heated at 1350°C, while preferential 
nitridation occurs at 1550。C. y-AlON nano-particles are found on the sample heated 
in ammonia atmosphere at 1150°C. In the control experiments, preferential 
nitridation is also observed in the sample which is heated at 1150。C in ammonia 
atmosphere without residual Al powder. 
It is found that NH3, Al and AI2O3 are needed for y-AlON particulate formation 
at 1150。C. However, the fabrication temperature for bulk y-AlON is much higher. 
The alumina can be etched by nitrogen at 1550。C, or by ammonia at 1150°C, which 
have not been reported before. 
5.2. Future works 
Our work shows a close relationship between the heating temperature and the 
morphology of the alumina nanobelts. It is because the heating temperature affects 
the degree of supersaturation of the product vapor, which controls the morphology of 
the finial product. Ambient pressure is another factor affecting the degree of 
supersaturation, thus it also controls the morphology of the product. Detail 
investigation on the relationship between ambient pressure and heating temperature, 
is useful to control the morphology. It is expected a suitable combination of pressure 
and temperature can produce different structure of alumina in the form of wire, 
ribbon, pins and etc. Together with the epitaxial growth on sapphire wafer, various 
aligned nanostructures can be produced. For example, titanium doped alumina 
nanowire array has potential application in laser. 
Mechanical behavior improvement is one of the important contributions from 
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the nanomaterials. The mechanical properties the alumina nanobelts could be 
characterized by nano-scale mechanical testing machine. The alumina nanobelts are 
single crystalline without grains boundary. The tensile strength is believed to be 
orders of magnitudes higher, and the flexibility is also expected to be increased. 
When it is applied in the metal industry, the alumina nanobelts additive can 
strengthen the AI alloy. 
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